Arc signal analysis of square wave alternating current submerged arc welding using local mean decomposition
used to decompose the welding current signal, and the high-frequency interference components mainly caused welding defects and the smooth wave of the square wave AC signal can be obtained. The correlation analysis and spectrum analysis are used to distinguish the high-frequency interference components of the welding current signal containing welding defect information. Based on the decomposed results of the welding current arc signal by LMD, the time frequency distribution of the arc energy are also obtained to investigate the arc characteristics related to welding quality. Using LMD to achieve analysis of welding arc signal can effectively evaluate the welding arc energy characteristics related to welding quality, which provides a reference for the further study of welding quality monitoring by arc electrical signals and has an important theoretical and practical significance.
LMD
The LMD essentially decomposes the original signal into a series of envelope signal and frequency modulated signal, the product of modulated signal and envelope signal is a product function with physical meaning of instantaneous frequency. The procedure is conducted repeatedly until all the PFs are divided out, and then the decomposed instantaneous frequency and envelope can be plotted together in the form of a demodulated signal by the way of the time frequency representation. The process of decomposition to a time series signal 0 () xt is as follows (Ren, 2008) . The local magnitudes are smoothed by the same way to be the same degree as the local means to form a smoothly varying continuous envelop function 11 () at .
According to the appendix provided by Smith (Smith, 2005) , the moving average is set to be one third of the length of the longest local mean, which is the key problem to define the moving average in the LMD.
is an array, then the formula of moving average is defined as 1 ()(()(1)()) 21
Where 21 N + is the moving average, which is an odd. In the vicinity of the border, the moving average should be reduced, and this reduction is limited by endpoints of the sequence. Take five points moving average for example, the process is defined as the following nearby the endpoints of the sequence
(1)(1) (2)((1)(2)(3))/3 (3)((1)(2)(3)(4)(5))/5 (4)((2)(3)(4)(5)(6))/5 The local mean function is then smoothed repeatedly by this length of moving average, until it does not appear the same value among two successive points.
3) Subtract the local mean function 11 () mt from the original data 0 () 
Where the objective is 1 n lim()1 n at
In practice, a variable D can be set, the procedure is over when it meet the condition of 1 1()1 n at -D££+D.
5) The envelope function is given as following. 
He, Zhou, Wang and Li, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.9 (2016) The scheme is completed in the sense that the original signal can be reconstructed according to
The instantaneous frequency, envelope values and time component are reconstructed in the form of three dimensional distributions, so the time frequency distribution of the original signal 0 () xtcan be obtained.
The local mean decomposition based on data interpolation
According to the algorithm of LMD, the local mean function () mt represents the midpoint of the entire signal, and the local envelope function () at represents the distance between the signal envelope and its midpoint. In the decomposition procedure, the purpose of dividing () mt from 0 () xt is to make () ht gradually approach to the x-axis and ensure the decomposed signals to be the midline in the x-axis. The purpose of decomposition () ht from () at are to make the envelope of () st approach to 1 y = , and obtain the frequency modulated signal () st . Based on the above analysis, it can be seen that different frequency components in the original signal are decomposed as the form of product function until the trend component emerges (Kang, et al., 2001) . The LMD method is applied to the decomposition of square wave AC welding arc signal of Submerged Arc Welding, the previous layers of PF component are the high-frequency interference and distortion parts of currents wave that the original arc signal contains, and the decomposition process will be ended when the square wave AC component is obtained. As a result, the high frequency interference components that contain noises and distortion parts of currents wave related to the welding quality can be effectively decomposed, and the smooth wave of the square wave AC signal can be also obtained. Figure. 1 is a time domain waveform of square wave AC signal of submerged arc welding. Conducting decomposition to the square wave AC signal by the LMD algorithm based on moving average, the decomposed result is shown in Fig.2 . He, Zhou, Wang and Li, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.9 (2016) As also can be seen from the form of the second PF component, it contains a large number of high frequency components, so the decomposition is also not complete. The reason is that the envelope function () at is divided by () ht in the decomposition process with the local amplitude of () at close to zero at a small number of sampling points, which lead to these distortions. As a result, the LMD algorithm based on moving average can not be well adapted to the decomposition of the square wave AC arc signal of submerged arc welding. The LMD algorithm based on cubic spline interpolation is also adopted to decompose the square wave AC arc signal, the decomposed result is shown in Fig.3 . It can be seen from Fig.3 that the square wave AC signal is decomposed into three PF components, the three PF components also appear the phenomenon of distortion and incomplete decomposition. So it is necessary to choose an interpolation algorithm to improve the adaptability of LMD that is suitable for decomposition of the square wave AC arc signal.
In order to overcome the problems of distortion and incomplete decomposition by the LMD algorithm based on moving average or spline interpolation, referring to the decomposition of Intrinsic Mode Functions (IMFs) process in the Empirical Mode Decomposition (EMD) (Hu, 2004 , Huang, et al., 1998 
He, Zhou, Wang and Li, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.9 (2016) Using the above three steps to replace the LMD based on the moving average method to obtain the local mean function and envelope estimation function, and then the LMD based on linear interpolation is obtained.
In order to validate the decomposition performance and precision of the LMD based on linear interpolation, the synthetic signal function is designed to be analyzed as follows 
The synthetic signal function consists of two signals of frequency modulation and amplitude modulated and a direct current component, of which the waveform is shown in Fig.4 . The x-axis is the time, of which the unit is second.
The y-axis is amplitude of the synthetic, of which the unit is expressed as V. The decomposed result of () xt by the LMD based on linear interpolation is shown in Fig.5 . As can be seen from Fig.5 , the three components of the synthetic signal can be effectively decomposed. Fig.4 Waveform of the synthetic signal () xt Fig.5 The decomposed result of () xt by the LMD based on linear interpolation Figure. 6 is the synthetic function added by noise signal, the decomposed results by LMD based on linear interpolation is shown in Fig.7 .
As can be seen from Fig.6 and Fig.7 , under the condition of the synthetic function added by noise signal, each decomposed PF contains noise component and presents phenomenon of aliasing, which is a difference to the each component from the original signal. It is difficult to decompose the various components from the original signal by direct application of the LMD under condition of the noise signal considered.
At present, de-noising is the common and effective way to analysis and feature extraction of the welding arc signal with noise signal. Wavelet de-noising method is one of the most effective methods (He, et al., 2011) . 
Application of the LMD to analysis for Square wave AC signal
The square wave AC signal of Submerged Arc Welding is typical multi-component non-stationary signal, it contains a wealth of welding quality information. In order to obtain the different frequency components contained in the original signal and extract feature information affecting on the welding quality, the LMD based on linear interpolation is applied to achieve analysis of Square wave AC signal. The decomposed result of Fig.1 by the LMD method based on linear interpolation is shown in Fig.9 . The instantaneous frequency of PF1 to PF4 is shown in Fig.10 . It can be seen from Fig.9 and Fig.10 , each PF with the instantaneous frequency decomposed by LMD contain the high frequency components affected on the welding quality and the low frequency components of the outputting of the welding machine. Figure. 11 shows the frequency spectrum and power spectrum of PF5. It can be seen from the power spectrum and frequency spectrum shown in Fig.11 that the main energy of PF5 focus on 50Hz, so PF5 is the square wave AC component of the original signal. In the welding process, the high frequency interface components mainly affect the stability of arc and welding quality. Therefore, application of the LMD to analysis of welding arc signal, the interface components are obtained in the form of PFs, and then can be introduced to achieve further quantitative study of the relationship between arc signals and welding quality by time frequency analysis and pattern recognition. He, Zhou, Wang and Li, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.9 (2016) Where r is the correlation coefficient of the variable sequence X and Y with the value scope between -1 and +1. The absolute value of the correlation coefficient r represents the strength of the association between the two variables. The sign of the coefficient r represents the positive and negative direction of the correlation. If the correlation coefficient r is zero, it is not relevant between the two variables. If the correlation coefficient r is 1, it indicates that the two variables are perfectly correlated. The absolute value of the correlation coefficient r is larger, the degree of correlation is higher. Table 1 is the correlation coefficient of each PF component and a collected original welding current signal. The correlation coefficients between the original signal and components of PF1 to PF4 are relative small, so PF1, PF2, PF3 and PF4 are high frequency noise and interference components included in the original signal. PF5 is highly correlated with the original signal, so PF5 is the square wave AC component of the original signal. In order to choose the effective signals to analysis of interference to welding quality, a filter to PF1, PF2, PF3 and PF4 is necessary. Because the autocorrelation function of noise signal reaches its maximum at zero of x-axis and the others are zero, autocorrelation analysis of PF1, PF2, PF3 and PF4 are conducted with the results shown in Fig.12 . Fig.12 The self-correlation function of PF1-PF4 It can be seen from Fig.12 that the self-correlation function of PF1 reaches maximum at zero of x-axis and the others are zero, considering the correlation coefficient between PF1 and the original signal, the PF1 can be seen as noise component, PF2, PF3 and PF4 are the components containing welding quality information.
As can be seen from the data in the table 1, the calculated correlation coefficient values of the respective PF components and the original signal are usually greater than 0 and less than 1. The correlation coefficient of the two to five order PF components are greater than 0.15, which have high degree of correlation with the original signal. The other correlation coefficients of PF components values are less than 0.15, which have low degree of correlation with the original signal. Thus, the l can be set as 0.15, and the i r ³ 0.15. The correlation coefficient less than 0.15 are removed, the effective two to five order PF components are selected to be reconstructed. Fig.13 is the reconstructed signal of a square wave AC welding current according to the effective PFs. Fig.14 is the de-noising results by wavelet de-noising technique (He, et al., 2011) . As can be seen from Fig.13 , the proposed method can eliminate the high frequency noise signals and undesirable PFs, and retain the local distortion characteristics of the welding current. Based on the decomposed results, the time frequency distribution of the welding current signal in the whole frequency ranges can be obtained by adopting the Hilbert transformation (He, et al., 2013b) . The welding quality can be effectively described by arc energy characteristics according to the time and instantaneous frequency in the three dimensions space. Experiments are done by square wave AC submerged arc welding machine MZE1000. The high power inverter welding power source in the submerged arc welding system is constant current outputting characteristic implemented by its own internal current feedback control. The material of work piece is low carbon steel with thickness of 20mm, the welding wire trademark is H08A with diameter of 4.0mm, and welding flux is HJ431.Welding parameters and the experimental phenomenon are shown in Table 2 . Fig.15 is the collected welding current signal corresponding to welding parameters in Table 2 and the results of time frequency distribution. The actual picture for welding formation and appearance is shown in Fig.16 .
As can be seen from Fig.15 , that the arc energy distribution of physical information is diversification at different welding speed. Fig15(a) and 15(b) are the calculated time frequency spectrum in the same frequency and duty cycles with different welding speed. The time frequency spectrums of the two groups of signals are the main frequency components around 50Hz. The different time frequency distributions of the two group signals mainly exist in the amplitude as diversification of time and other frequency components. The two group time frequency distributions show that the arc energy is different over time. Under condition of the welding speed of 1.2m/min, the time frequency distribution of the welding current signal is more irregular along the time scale, accompanying more other frequency components, indicating that the uneven distribution of arc energy caused by the current waveform distortion at different welding speed. As can be seen from Fig.16 , that the welding formation situation of the first set experiment is good welding shape, of which the welding seam surface is neat and smooth. However, the welding formation situation of the second set experiment is poor welding shape as the welding speed increases, of which the welding seam surface is undercut(welding seam surface is corner, irregular and depression) and humps(welding seam surface is obvious rugged, uncontinuous and depression). The degrees of the undercut and humping are severity. As can seen from the above calculation and analysis results, the using of LMD based on linear interpolation to the welding current signals not only can effectively decompose square wave AC welding current signal into different compents related to welding quality, but also has the function of the noise reduction. Simultaneously, time frequency distribution of welding current signal can be obtained by Hilbert transformation to describe the arc engery characteristics related to welding quality.
Conclusions
(1) The LMD based on linear interpolation has been proposed to analysis of the square wave AC welding current signal. Referring to the decomposition of IMFs process in the Empirical Mode Decomposition, linear interpolation is introduced to obtain the local mean function and the local envelope function. The LMD based on linear interpolation can effectively overcome the problems of distortion and incomplete decomposition by the LMD algorithm based on moving average or spline interpolation.
(2) The application of LMD based on linear interpolation to the square wave AC welding current signals indicate that the proposed method not only can effectively decompose welding arc signal into different compents related to welding quality, but also has the function of the noise reduction by reconstruction of the valid PF compents after correlation analysis.
(3) Based on the decomposed results by LMD, the time frequency distribution of the square wave AC welding current signal has been obtained by the Hilbert transformation, which can effectively describe and estimate welding arc energy characteristics related to the welding quality
